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Low-Energy Supersymmetry and its Phenomenology 

Howard E. Haber*** 

''Santa Cruz Institute for Particle Physics 
University of California, Santa Cruz, CA 95064, USA 

The structure of low-energy supersymmetric models of fundamental particles and interactions is reviewed, 
with an emphasis on the minimal supersymmetric extension of the Standard Model (MSSM) and some of its 
variants. Various approaches to the supersymmetry-breaking mechanism are considered. The implications for the 
phenomenology of Higgs bosons and supersymmetric particles at future colliders are discussed. 
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1. INTRODUCTION 

The Standard Model provides a remarkably 
successful description of the properties of the 
quarks, leptons and spin-1 gauge bosons at en- 
ergy scales of 0(100) GeV and below. However, 
the Standard Model is not the ultimate theory of 
the fundamental particles and their interactions. 
At an energy scale above the Planck scale, Mp ~ 
10^^ GeV, quantum gravitational effects become 
significant and the Standard Model must be re- 
placed by a more fundamental theory that incor- 
porates gravity. It is also possible that the Stan- 
dard Model breaks down at some energy scale, A, 
below the Planck scale. In this case, the Stan- 
dard Model degrees of freedom are no longer ade- 
quate for describing the physics above A and new 
physics must enter. Thus, the Standard Model is 
not a fundamental theory; at best, it is an effec- 
tive field theory [0 . At an energy scale below A, 
the Standard Model (with higher-dimension op- 
erators to parameterize the new physics at the 
scale A) provides an extremely good description 
of all observable phenomena. 

In an effective field theory, all parameters of the 
low-energy theory (i.e. masses and couplings) are 
calculable in terms of parameters of a more fun- 
damental, rcnormalizable theory that describes 
physics at the energy scale A. All low-energy 
couplings and fermion masses are logarithmically 
sensitive to A. In contrast, scalar squared-masses 
are quadratically sensitive to A. The Higgs mass 



(at one-loop) has the following form: 
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where (to^)o is a parameter of the fundamental 
theory and c is a constant, presumably of C(l), 
which is calculable within the low-energy effec- 
tive theory. The "natural" value for the scalar 
squared-mass is g^K'^/lQir^. Thus, the expecta- 
tion for A is 
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If A is significantly larger than 1 TeV (often called 
the hierarchy and naturalness problem in the lit- 
erature 1^), then the only way for the Higgs mass 
to be of order the scale of electroweak symmetry 
breaking is to have an "unnatural" cancellation 
between the two terms of eq. (|l|). This seems 
highly unlikely given that the two terms of eq. (|^) 
have completely different origins. 

A viable theoretical framework that incorpo- 
rates weakly-coupled Higgs bosons and satis- 
fies the constraint of eq. (^) is that of "low- 
energy" or "weak-scale" supersymmetry |||-|^. In 
this framework, supersymmetry is used to re- 
late fermion and boson masses and interaction 
strengths. Since fermion masses are only loga- 
rithmically sensitive to A, boson masses will ex- 
hibit the same logarithmic sensitivity if super- 
symmetry is exact. Since no supersymmetric 
partners of Standard Model particles have yet 
been found, supersymmetry cannot be an exact 
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symmetry of nature. Thus, A should be identified 
with the supersymmetry-breaking scale. The nat- 
uralness constraint of eq. (H) is still relevant, so in 
the framework of low-energy supersymmetry, the 
scale of supersymmetry breaking should not be 
much larger than about 1 TeV in order that the 
naturalness of scalar masses be preserved. The 
supersymmetric extension of the Standard Model 
would then replace the Standard Model as the ef- 
fective field theory of the TeV scale. One advan- 
tage of the supersymmetric approach is that the 
effective low-energy supersymmetric theory can 
be valid all the way up to the Planck scale, while 
still being natural! The unification of the three 
gauge couplings at an energy scale close to the 
Planck scale, which does not occur in the Stan- 
dard Model, is seen to occur in the minimal su- 
persymmetric extension of the Standard Model, 
and provides an additional motivation for seri- 
ously considering the low-energy supersymmetric 
framework 

2. STRUCTURE OF THE MSSM 

The minimal supersymmetric extension of the 
Standard Model (MSSM) consists of taking the 
Standard Model and adding the corresponding 
supersymmetric partners. (For a review of the 
structure of the MSSM, see e.g., refs. [|,||.) In 
addition, the MSSM contains two hypercharge 
y = ±1 Higgs doublets (iJ„ and Hd, respec- 
tively), which is the minimal structure for the 
Higgs sector of an anomaly-free supersymmetric 
extension of the Standard Model. The super- 
symmetric structure of the theory also requires 
(at least) two Higgs doublets to generate mass 
for both "up" -type and "down" -type quarks (and 
charged leptons) . The supersymmetric spec- 
trum can be described by a set of superfields that 
incorporates both the Standard Model fields and 
their superpartners as shown in Table 0. Note 
that Tabic ^ lists the interaction eigenstates. Par- 
ticles with the same SU(3) xU(1)em quantum 
numbers can mix. The physical (mass) eigen- 
states are determined from the full interaction La- 
grangian of the theory. For example, the physical 
charginos [x^ (j — 1,2)] are linear combinations 

of the charged winos (M^^) and charged higgsi- 
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nos (H^ , ) , while the physical neutralinos [x^ 
(/c = 1, . . . , 4)] are linear combinations of the neu- 
tral wino (VF^), bino {B) and neutral higgsinos 
{HlH^). 

The renormalizable supersymmetric interac- 
tions are fixed once the superpotential (a cu- 
bic polynomial of superfields) is chosen. In the 
MSSM, the most general SU(3)xSU(2)xU(l) in- 
variant cubic superpotential is given hy W = 
W^RPC + VFrpv, where 

W'rPC = (.ye)mnHdLmEn "f {u d) mnH dQ mD n 

— {yu)mnHuQmUn — l^HdHu , (3) 

and 

W^RPV = (Al) 

mnp 

In eqs. (||) and (^), m, n and p label the gener- 
ation number, and SU(2) doublet fields are con- 
tracted by the invariant antisymmetric tensor 
(with ei2 = 1). For example, the Yukawa in- 
teractions arc obtained from the trilinear terms 
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of eq. by taking all possible combinations in- 
volving two fermions and one scalar superpartner. 
The gauge multiplets couple to matter multiplets 
in a manner consistent with supersymmetry and 
the SU(3)xSU(2)xU(l) gauge symmetry. 

In contrast to the Standard Model, the terms of 
dimension < 4 in the supersymmetric Lagrangian 
do not automatically preserve baryon number (B) 
and lepton number (L). In order to be consistent 
with the (approximately) conserved baryon num- 
ber and lepton number observed in nature, one 
must impose constraints on the terms in the su- 
perpotential [eqs. (||) and (^]. In particular, the 
terms of Wrpc conserve B and L, whereas the 
terms of Wrpv violate either B or L as indicated 
by the subscript of the corresponding coefficients. 
If all terms in Wrpv were present, some of the 
coefficients would have to be extremely small in 
order to avoid proton decay at a catastrophic rate. 

In the MSSM, one enforces an approximate 
lepton and baryon number invariance by impos- 
ing R-parity-invariance. Any particle of spin S", 
baryon number B and lepton number L then pos- 
sess a multiplicatively-conserved R-parity given 
by R = (-1)3{B-L)+2S_ rpj^gj^^ operators in 

the R-parity-conserving (RFC) model of dimen- 
sion < 4 exactly conserve B and L. In the RFC 
model, R-parity conservation is equivalent to im- 
posing a 7i2 matter parity on the superpoten- 
tial according to the quantum numbers specified 
in Table ||, which results in IVrpv = 0. Thus, 
the supersymmetric interactions of the MSSM de- 
pend on the following parameters: 

• SU(3)xSU(2)xU(l) gauge couplings, 53, 
32 = g, and gi = ^ g'; 

• (complex) Higgs-fermion Yukawa coupling 
matrices, yu, yd, and ye; and 

• a supersymmetric Higgs mass parameter, fj,. 

Since the MSSM is a model of three generations 
of quarks, leptons and their superpartners, yu. 
Yd, and ye are complex 3x3 matrices. However, 
not all these degrees of freedom are physical, as 
emphasized below. 

Note that in the (minimal version of the) Stan- 
dard Model and in the MSSM, neutrinos are ex- 



Table 2 

Matter discrete symmetries 

symmetry Q„ C/„ £»„ i„ En Hu Hd 

Z2 -1 -1 -1 -1 -1 +1 +1 

Z3 uj uj-'^ uj-^ +1 +1 +1 +1 

actly massless if only terms of dimension < 4 in 
the Lagrangian are considered. Majorana neu- 
trino masses may be generated in either theory by 
introducing the appropriate dimension-5 gauge 
invariant AL = 2 terms. In the MSSM, such 
terms can be realized via an RFC supersymmetric 
extension of the seesaw mechanism, which would 
require the addition of a SU(3)xSU(2)xU(l) sin- 
glet superfield 

One can also avoid B violation in an R-parity- 
violating (RFV) theory by imposing a discrete 
Z3 triality shown in Table |^. This is the unique 
choice for a (generation-independent) discrete 
symmetry with no discrete gauge anomalies in 
a model consisting only of the MSSM super- 
fields In particular, the Z3 discrete sym- 
metry requires that \b = in cq. (^ [in fact, all 
operators of dimension < 5 preserve B], while all 
other terms in the superpotential, including all 
possible L-violating terms, are permitted. Hence, 
one must check that the magnitude of the L- 
violating interactions is consistent with experi- 
mental bounds on L-violating processes |0 . One 
good feature of this model is that it provides a 
mechanism for non-zero neutrino masses without 
requiring the introduction of a new superfield be- 
yond those already contained in the MSSM. 

At this stage, one does not yet have a realistic 
model of fundamental particles and their inter- 
actions, since supersymmetry (SUSY) is unbro- 
ken. However, the fundamental origin of SUSY- 
breaking is not known at present. Without a 
fundamental theory of SUSY-breaking, the best 
we can do is to parameterize our ignorance and 
introduce the most general renormalizable soft 
SUSY-breaking terms consistent with the 
SU(3)xSU(2)xU(l) gauge symmetry and any ad- 
ditional discrete matter symmetries that have 
been imposed. It is here where most of the 
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new supersymmetric model parameters reside.^ If 
supersymmetry is relevant for explaining the scale 
of electroweak interactions, then the mass param- 
eters introduced by the soft SUSY-breaking terms 
must be of order 1 TeV or below . 

In the MSSM, the soft-SUSY-breaking terms 
consist of 1^ (following the notation of ref. [^): 



^oft 



\Hu\^-{bHdHu + h.c.) 



+ (to|)™„ D*^bri 

+ \{0'e)mnHdLmEn + d) mriH dQ mD n 
(^^u) mnH uQ raU n ~t~ h.C.j 

+ \ gg + M2W''W'' + K'hBB + h.c. 



(5) 



In the RPV model, additional A and h param- 
eters can be added, corresponding to the addi- 
tional terms that appear in the superpotential.^ 
The Higgs scalar potential receives contribu- 
tions from both the SUSY-conserving and the 
SUSY-breaking sector. The SU(2)xU(l) elec- 
troweak symmetry is spontaneously broken only 
when the terms of Ksoft [eq. (||)] are included. 
The neutral Higgs fields acquire vacuum expecta- 
tion values: {H^) = Vd/V^ and {H°) = Vu/V2, 
where = Vd + = (246 GcV)^ is determined 
by the Z mass, and tan/3 = Vu/vd is a free pa- 
rameter. 

Not all of the parameters appearing in eqs. (^) 
and (^ represent independent degrees of free- 
dom. By suitable redefinitions of the various 
fields of the model, one can remove all unphys- 
ical degrees of freedom and identify the correct 

^It was argued in ref. ]l3| that additional dimension-3 
SUSY-breaking terms, which were not characterized as 
"soft" by ref. should be considered in models such 

as the MSSM that contain no gauge-singlet superfields. 
^Here, we omit the more genera1_dimension-3 SUSY- 
breaking terms advocated in ref. [|l3]. In addition, we 
note that dimension-4 SUSY-breaking terms can also be 
generated by high-energy-scale physics, albeit with very 
small coefficients . 

^In the literature, a different matrix A-parameter is often 
defined via the relation: af = yf Af [f = u, d, e], where 
the yf are the Higgs-fermion Yukawa coupling matrices, 
and a S-parameter is defined by fe = fiB, where /i is the 
supersymmetric Higgs mass parameter. 



Table 3 

Parameter Count in the Standard Model and 
MSSM Extensions 



model 


real 


phases 


TOTAL 


SM 


17 


2 


19 


MSSM 


79 


45 


124 


(MSSM)b 


157 


122 


279 


(MSSM)r,pv 


175 


140 


315 



number of physical parameters of the model . 
For example, the MSSM is characterized by 124 
independent parameters, of which 18 correspond 
to Standard Model parameters (including 6'qcd), 
one corresponds to a Higgs sector parameter (the 
analogue of the Standard Model Higgs mass) , and 
105 are genuinely new parameters of the model. 
All together, among the various complex param- 
eters of the model, there are 45 phases that can- 
not be removed; the remaining 79 real parameters 
consist of masses, real couplings and mixing an- 
gles. Thus, an appropriate name for the minimal 
supersymmetric extension of the Standard Model 
described above is MSSM-124 In Table |, 

we compare the parameter count of the Standard 
Model with three possible versions of low-energy 
supersymmetry based on the fields of the MSSM. 
The RPC model is denoted in Table ^ simply by 
MSSM, whereas the RPV model with a Z3 trial- 
ity that preserves B is denoted by (MSSM)b- Fi- 
nally, (MSSM)rpv denotes the most general RPV 
model in which all terms in Wrpv [eq. (^)] and 
the corresponding soft SUSY-breaking terms are 
allowed. 

Even in the absence of a fundamental theory 
of SUSY-breaking, one is hard-pressed to regard 
MSSM-124 as a fundamental theory. For ex- 
ample, no fundamental explanation is provided 
for the origin of electroweak symmetry break- 
ing. Moreover, MSSM-124 is not a phenomeno- 
logically viable theory over most of its parame- 
ter space. Among the phenomenological deficien- 
cies are: (i) no conservation of the separate lep- 
ton numbers Le, L^, and L^; (ii) unsuppressed 
flavor-changing neutral currents (FCNC's) [T^; 
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and (iii) new sources of CP-violation that are in- 
consistent with the experimental bounds |p^ , po| . 
As a result, almost the entire MSSM-124 param- 
eter space is ruled out! This theory is viable only 
at very special "exceptional" points of the full pa- 
rameter space. 

A truly Minimal SSM does not (yet) exist. In 
the present usage, the word "minimal" in MSSM 
refers to the minimal particle spectrum and the 
associated R-parity invariance. The MSSM parti- 
cle content must be supplemented by assumptions 
about the origin of SUSY-breaking that lie out- 
side the low-energy domain of the model. More- 
over, a comprehensive map of the phenomeno- 
logically acceptable region of MSSM-124 param- 
eter space does not yet exist. This presents a 
formidable challenge to supersymmetric particle 
searches that must impose some parameter con- 
straints while trying to ensure that the search is 
as complete as possible. Ultimately, the goal of 
any supersymmetric particle search is to measure 
as many of the 124 parameters as is feasible and to 
determine any additional parameters that would 
characterize a possible departure from the mini- 
mal SSM structure. 

3. REDUCING THE MSSM PARAME- 
TER FREEDOM 

There are two general approaches for reducing 
the parameter freedom of MSSM-124. In the low- 
energy (or "bottom-up") approach, an attempt is 
made to elucidate the nature of the exceptional 
points in the MSSM-124 parameter space that are 
phenomenologically viable. Consider the follow- 
ing two possible choices. First, one can assume 
that the squark and slepton squared-mass matri- 
ces and the matrix A-parameters, Af , are propor- 
tional to the 3x3 unit matrix (horizontal univer- 
sality 1^,^,0). Alternatively, one can simply 
require that all the aforementioned matrices are 
flavor diagonal in a basis where the quark and 
lepton mass matrices are diagonal (flavor align- 
ment |2^). In these approaches, the number of 
free parameters characterizing the MSSM is sub- 
stantially less than 124. Moreover, Lg, and Lt 
are separately conserved, while tree-level FCNC's 
are automatically absent. The resulting models 



are phenomenologically viable, although there is 
no strong theoretical basis for either approach. 

In the high-energy (or "top-down") approach, 
the MSSM-124 parameter freedom is reduced by 
imposing theoretical constraints on the structure 
of SUSY-breaking. It is very difficult (perhaps 
impossible) to construct a model of low-energy 
supersymmetry where the SUSY-breaking arises 
solely as a consequence of the interactions of the 
particles of the MSSM. A more viable scheme 
posits a theory in which the fundamental source 
of SUSY-breaking originates in a sector that is 
distinct from the fields that make up the MSSM. 
For lack of a better term, we will call this new 
sector the direct SUSY-breaking (DSB) sector.^ 
The SUSY-breaking inherent in the DSB-sector 
is subsequently transmitted to the MSSM spec- 
trum by some mechanism. 

Integrating out the physics associated with the 
DSB sector, one obtains initial conditions for the 
MSSM parameters at some high energy scale. 
Renormalization group (RG) evolution then al- 
lows one to evolve down to the electroweak scale 
and derive the full MSSM particle spectrum. One 
bonus of this analysis is that one of the diago- 
nal Higgs squared-mass parameters is typically 
driven negative by the RG-evolution. Thus, elec- 
troweak symmetry breaking is generated radia- 
tively, and the resulting electroweak symmetry- 
breaking scale is intimately tied to the scale of 
low-energy SUSY-breaking. 

Two theoretical scenarios have been examined 
in detail: gravity-mediated and gauge-mediated 
SUSY-breaking. In both these approaches, su- 
persymmetry is spontaneously broken, in which 
case a massless Goldstone fermion, the goldstino, 
arises. Its coupling to a particle and its superpart- 
ner is fixed by the supersymmetric Goldberger- 
Treiman relation [E5| 



F 



f"d^G^ + h.c. 



(6) 



''in the literature, the DSB-sector usually refers to the 
sector of dynamical SUSY-breaking. Here, we shall inter- 
pret the word dynamical in its broadest sense. Dynamical 
SUSY-breaking can be non-perturbative in nature {e.g., 
gaugino condensation |E41) or perturbative in nature. Ex- 
amples of the latter include tree-level O'Raifeartaigh (or 



-F-type) breaking and Fayet-Iliopou 
ing. For additional details, see rof. 



IS (or D-type) break- 
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where j'^" is the supercurrent, which depends bi- 
hnearly on all the fermion-boson superpartner 
pairs of the theory and Gq is the spin- 1/2 gold- 
stino field (with spinor index a). In particular, 
\/F is the scale of direct SUSY-breaking which 
occurs in the DSB-sector (typically, ^/F » mz)- 
When gravitational effects are included, the gold- 
stino is "absorbed" by the gravitino (53/2), the 
spin-3/2 partner of the graviton. By this super- 
Higgs mechanism the goldstino is removed 
from the physical spectrum and the gravitino ac- 
quires a mass (TO3/2). In models where the grav- 
itino mass is generated at tree-level (see, e.g., 
ref. for further discussion), one finds: 

where Mp is the reduced Planck mass. The he- 
licity ±i components of the gravitino behave ap- 
proximately like the goldstino, whose couplings to 
particles and their superpartners are determined 
by eq. (^). In particular, the goldstino couplings 
are enhanced by a factor of AIp/F relative to 
couplings of gravitational strength. In contrast, 
the helicity ±| components of the gravitino al- 
ways couple with gravitational strength to par- 
ticles and their superpartners, and thus can be 
neglected in phcnomenological studies. 

In many models, the DSB-sector is comprised 
of fields that are completely neutral with respect 
to the Standard Model gauge group. In such 
cases, the DSB-sector is also called the "hid- 
den sector." The fields of the MSSM are said 
to reside in the "visible sector," and the model 
is constructed such that no renormalizable tree- 
level interactions exist between fields of the visible 
and hidden sectors. A third sector, the so-called 
"messenger sector," is often employed in models 
to transmit the SUSY-breaking from the hidden 
sector to the visible sector. However, it is also 
possible to construct models in which the DSB- 
sector is not strictly hidden and contains fields 
that are charged with respect to the Standard 
Model gauge group. 

3.1. Gravity-mediated SUSY-breaking 

All particles feel the gravitational force. In par- 
ticular, particles of the hidden sector and the vis- 



ible sector can interact via the exchange of gravi- 
tons. Thus, supergravity (SUGRA) models pro- 
vide a natural mechanism for transmitting the 
SUSY-breaking of the hidden sector to the parti- 
cle spectrum of the MSSM. In models of gravity- 
mediated SUSY-breaking, Planck-scale physics is 
the messenger of SUSY-breaking [^,|9) . 

In the minimal supergravity (mSUGRA) 
framework the soft SUSY-breaking parame- 
ters at the Planck scale take a particularly simple 
form: 

m|(Mp) = m|(Afp) = m|(Mp) 

= m£(Afp) =m|(Afp) ^m^l, 

af(Afp) = Aoyf(Afp), f-u,d,e, (8) 

where 1 is the 3x3 identity matrix in genera- 
tion space. Note that the last condition is equiv- 
alent to Af(Afp) = AqI. Thus, the 3 X 3 ma- 
trices above respect horizontal universality at the 
Planck scale. 

In addition, the gauge couplings and gaugino 
mass parameters are assumed to unify at some 
high energy scale, Mx- (The latter condition 
is automatic in models of supersymmetric grand 
unification, where Mx is the unification scale.) 
The unification relation 

Ml {Mx ) = M2 [Mx ) = M3 (Mx ) = mi/2 (9) 

implies that the low-energy gaugino mass param- 
eters (approximately) satisfy: 

M3 = ^M2 ~ 3.5Af2 , 

Ml = I tan^ 9wM2 ~ O.5M2 . (10) 

One can count the number of independent pa- 
rameters in the mSUGRA framework. In addition 
to 18 Standard Model parameters (excluding the 
Higgs mass), one must speciiy mo, rni^2i ^0, and 
Planck-scale values for /i and i?-parameters (de- 
noted by /io and Bq). In principle, Aq, Bq and 
/io can be complex, although in the mSUGRA 
approach, these parameters are taken (arbitrar- 
ily) to be real. Renormalization group evolution 
is used to compute the low-energy values of the 
mSUGRA parameters, which then fixes all the 
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parameters of the low-energy MSSM. In partic- 
ular, the two Higgs vacuum expectation values, 
Vu and Vd (or equivalently, mz and tan (3) can be 
expressed as a function of the Planck-scale super- 
gravity parameters. The simplest procedure is to 
remove /io and Bq in favor of mz and tan (j (the 
sign of /io is not fixed in this process). In this case, 
the MSSM spectrum and its interaction strengths 
are determined by five parameters: toq, Aq, mi/2, 
tan/3, and the sign of ^q, in addition to the 18 
parameters of the Standard Model. The require- 
ment of radiative electroweak symmetry-breaking 
imposes an additional constraint on the possible 
range of the mSUGRA parameters. In particular, 
one finds that 1 < tan/3 < mt/mh- In principle, 
one should also include the mass of the gravitino, 
™3/2 (or equivalently, VF), in the hst of indepen- 
dent parameters. In mSUGRA, one arranges the 
scale of the hidden sector SUSY-breaking such 
that Vf 3 X 10^" GcV. In this case, the grav- 
itino mass is of order the electroweak symmetry- 
breaking scale [see eq. (0)], while its couplings 
to the MSSM fields are extremely weak. Such a 
gravitino would play no role in supersymmetric 
phenomenology at colliders. 

Recently, attention has been given to a class 
of supergravity models in which eq. ( |lO| ) does 
not hold. In models where no tree-level gaug- 
ino masses are generated, one finds a model- 
independent contribution to the gaugino mass 
whose origin can be traced to the super-conformal 
(super- Weyl) anomaly which is common to all 
supergravity models [Q. This approach has 
been called anomaly-mediated SUSY-breaking 
(AMSB). The gaugino mass parameters (in the 
one-loop approximation) are given by: 

M.C.M^3/2, (11) 

where the hi are the coefficients of the MSSM 
gauge beta-functions corresponding to the corre- 
sponding U(l), SU(2) and SU(3) gauge groups: 
(&i,&2,^3) = (^jlj— 3). Anomaly-mediated 
SUSY-breaking also generates (approximate) 
flavor-diagonal squark and slepton mass matrices. 
However, in the MSSM this cannot be the sole 
source of SUSY-breaking in the slepton sector, 
since the latter yields negative squared-mass con- 



tributions for the sleptons. A possible RPV solu- 
tion, involving only the superfields of the MSSM, 
has been advocated in ref. 

3.2. Gauge-mediated SUSY-breaking 

In gauge-mediated SUSY-breaking (GMSB), 
SUSY-breaking is transmitted to the MSSM via 
gauge forces. A typical structure of such mod- 
els involves a hidden sector where supersymme- 
try is broken, a "messenger sector" consisting of 
particles (messengers) with SU(3)xSU(2)xU(l) 
quantum numbers, and the visible sector consist- 
ing of the fields of the MSSM The direct 
coupling of the messengers to the hidden sector 
generates a SUSY-breaking spectrum in the mes- 
senger sector. Finally, SUSY-breaking is trans- 
mitted to the MSSM via the virtual exchange 
of the messengers. If this approach is extended 
to incorporate gravitational phenomena, then su- 
pergravity effects will also contribute to SUSY- 
breaking. However, in models of gauge-mediated 
SUSY-breaking, one usually chooses the model 
parameters in such a way that the virtual ex- 
change of the messengers dominates the effects of 
the direct gravitational interactions between the 
hidden and visible sectors. In this scenario, the 
gravitino mass is typically in the eV to keV range, 
and is therefore the LSP. The helicity ±i compo- 
nents of 53/2 behave approximately like the gold- 
stino; its coupling to the particles of the MSSM 
is significantly stronger than a coupling of gravi- 
tational strength. 

In the minimal GMSB approach, there is 
one effective mass scale. A, that determines 
all low-energy scalar and gaugino mass param- 
eters through loop-effects (while the resulting A- 
parameters are suppressed). In order that the 
resulting superpartner masses be of order 1 TeV 
or less, one must have A ^ 100 TeV. The origin of 
the /J, and i3-parameters is model dependent and 
lies somewhat outside the GMSB ansatz. The 
simplest models of this type are even more restric- 
tive than mSUGRA, with two fewer degrees of 
freedom. However, minimal GMSB is not a fully 
realized model. The sector of SUSY-breaking dy- 
namics can be very complex, and no complete 
GMSB model yet exists that is both simple and 
compelling. 
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4. THE MSSM HIGGS SECTOR 

4.1. The Higgs Sector in Low-Energy Su- 
persymmetry 

In the MSSM, the Higgs sector is a two-Higgs- 
doublet model with Higgs self-interactions con- 
strained by supersymmetry |^,^,^,|5|. More- 
over, in spite of the large number of potential CP- 
violating phases among the MSSM-124 parame- 
ters, the tree-level MSSM Higgs sector is auto- 
matically CP-conserving. In particular, unphys- 
ical phases can be absorbed into the definition 
of the Higgs fields such that tan /3 is real and 
positive. As a result, the physical neutral Higgs 
scalars are CP-eigenstates. There are five physi- 
cal Higgs particles in this model: a charged Higgs 
pair {H^), two CP-even neutral Higgs bosons 
(denoted by and H'^ where m/jO < mfjo) and 
one CP-odd neutral Higgs boson (v4°). At tree 
level, tan /3 and one Higgs mass (usually chosen to 
be niAo ) determine the tree- level Higgs-sector pa- 
rameters. These include the other Higgs masses, 
an angle a [which measures the component of 
the original Y = ±1 Higgs doublet states in the 
physical CP-even neutral scalars], the Higgs bo- 
son self-couplings, and the Higgs boson couplings 
to particles of the Standard Model and their su- 
perpartners. 

When one-loop radiative corrections are incor- 
porated, the Higgs masses and couplings depend 
on additional parameters of the supersymmet- 
ric model that enter via virtual loops. One of 
the most striking effects of the radiative correc- 
tions to the MSSM Higgs sector is the modifi- 
cation of the upper bound of the light CP-even 
Higgs mass, as first noted in ref. |36|. When 
tan /3 ^ 1 and m^o 3> mz, the tree-level predic- 
tion for iriho corresponds to its theoretical upper 
bound, m'^^^ = mz- Including radiative correc- 
tions, the theoretical upper bound is increased, 
primarily because of an incomplete cancellation of 
the top-quark and top-squark (stop) loops (these 
effects actually cancel in the exact supersymmet- 
ric limit). The relevant parameters that govern 
the stop sector are the average of the two stop 
squared-masses: Afgugy = )j ^^'^ the 

off-diagonal element of the stop squared-mass ma- 
trix: uitXt = •mt{At — /icot/3). The qualitative 



behavior of the radiative corrections can be most 
easily seen in the large top squark mass limit, 
where in addition the splitting of the two diago- 
nal entries and the off-diagonal entry of the stop 
squared-mass matrix are both small in compari- 
son to Afgugy In this case, the upper bound on 
the lightest CP-even Higgs mass is approximately 
given by 



w^o < to| -I- 



1^ f ^'^SUSY 



■"'^SUSY 



1 



12M|ugY 



,(12) 



More complete treatments of the radiative correc- 
tions include the effects of stop mixing, renormal- 
ization group improvement, and the leading two- 
loop contributions, and imply that eq. ( |l^ ) some- 
what overestimates the true upper bound of m^o 
(see ref. for the most recent results). Never- 
theless, eq. ( |T2| ) correctly reflects some notewor- 
thy features of the more precise result. First, the 
increase of the light CP-even Higgs mass bound 
beyond mz can be significant. This is a conse- 
quence of the mj enhancement of the one-loop 
radiative correction. Second, the dependence of 
the light Higgs mass on the stop mixing parame- 
ter Xt implies that (for a given value of A/susy) 
the upper bound of the light Higgs mass initially 
increases with Xt and reaches its maximal value 
at Xt = v^A/susY- This point is referred to as 
the maximal mixing case (whereas Xt = corre- 
sponds to the minimal mixing case). 

Taking mAo large, fig. |l] illustrates that the 
maximal value of the lightest CP-even Higgs mass 
bound is realized at large tan/3 in the case of 
maximal mixing. Allowing for the uncertainty in 
the measured value of mt and the uncertainty in- 
herent in the theoretical analysis, one finds for 
A/susY ^ 2 TeV that mno < m 



™o'^'', where 



TO^o'*'' — 122 GeV, minimal stop minimal, 
^max ^ -j^gg QeV, maximal stop mixing. (13) 

The /i° mass bound in the MSSM quoted above 
does not in general apply to non-minimal su- 
persymmetric extensions of the Standard Model. 
If additional Higgs singlet and/or triplet fields 
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Figure 1. The radiatively corrected light CP-even 
Higgs mass is plotted as a function of tan /3, for 
the maximal mixing [upper band] and minimal 
mixing cases. The impact of the top quark mass is 
exhibited by the shaded bands; the central value 
corresponds to Mt — 175 GeV, while the upper 
[lower] edge of the bands correspond to increasing 
[decreasing] Mt by 5 GeV. 



are introduced, then new Higgs self-coupling pa- 
rameters appear, which are not significantly con- 
strained by present data. For example, in the 
simplest non-minimal supersymmetric extension 
of the Standard Model (NMSSM), the addition of 
a Higgs singlet adds a new Higgs self-coupling pa- 
rameter, A [Q. The mass of the lightest neutral 
Higgs boson can be raised arbitrarily by increas- 
ing the value of A (analogous to the behavior of 
the Higgs mass in the Standard Model!). Under 
the assumption that all couplings stay perturba- 
tive up to the Planck scale, one finds in essen- 
tially all cases that m/jo < 200 GeV, independent 
of the details of the low-energy supersymmetric 
model |§. 

4.2. MSSM Higgs searches at colliders 

There is presently no definitive experimental 
evidence for the Higgs boson. Experimental lim- 
its on the charged and neutral Higgs masses have 
been obtained at LEP. For the charged Higgs bo- 
son, m^± > 78.7 GeV This is the most 



model-independent bound (it is valid for more 
general non-supersymmetric two-Higgs doublet 
models) and assumes only that the decays 
dominantly into t^v^ and/or cs. The LEP lim- 
its on the masses of and are obtained by 
searching simultaneously for e+e^ Z ZhP 
and e+e" ^ Z ^ hPA^. At LEPl, the interme- 
diate Z is real and the final state Z is virtual, 
while at LEP2, the intermediate Z is virtual and 
the final state Z is real. The ZZh° and Zh°A° 
couplings that govern these two decay rates are 
proportional to sin(/3 — a) and cos(/3 — a), respec- 
tively. Thus, one can use the LEP data to obtain 
simultaneous limits on to^o and m^o, since the 
two tree-level masses determine a and (3. How- 
ever, radiative corrections can be significant, so 
the final limits depend on the choice of MSSM 
parameters that govern the radiative corrections 
(of which, the third generation squark parame- 
ters are the most important). The present LEP 
95% CL lower limits are m^o > 90.2 GeV and 
m^o > 89.5 GeV [|o|. 

The Higgs mass limits quoted above were based 
on the assumption of AfgusY = 1 TeV and max- 
imal stop mixing.]^ Under these assumptions, 
the LEP MSSM Higgs search excludes the re- 
gion of 0.53 < tan/3 < 2.25 At future colliders, 
the MSSM Higgs search will extend the excluded 
region in the m^o — tan/3 plane. Eventually, at 
least one Higgs boson {hP) must be discovered, 
or else low-energy supersymmetry in its minimal 
form must be discarded. It is possible that ad- 
ditional Higgs bosons (iJ*', and/or H^) will 
also be discovered. But, unlike whose mass is 
bounded from above [eq. (p^)], the masses of iJ", 
A° and are not so restricted (although heavy 
Higgs boson masses must be below a few TeV in 
order to preserve the naturalness of the theory). 

In the region of MSSM Higgs parameter space 
where m^o ^ m^, one can show that m/^o ~ 
m/^± ^ rriAO [where the corresponding mass dif- 
ferences are of ©(m^/m^o)]. This parameter 
range is called the decoupling limit |4l[ , since it 



^Although this tends to be a conservative assumption 
(that is, other choices ensure that more of the m^o — tan /3 
plane is covered), there are a number of other parameter 
regimes in which certain Higgs search strategies become 
more problematical. 
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corresponds to the case where the Higgs sector 
of the effective low-energy theory is equivalent to 
that of the one-Higgs-doublet Standard Model. In 
particular, the properties of h'^ will be nearly in- 
distinguishable from those of the Standard Model 
Higgs boson, while the heavier Higgs bosons may 
be too heavy for discovery at the next generation 
of future colliders. 

Let us consider briefly the prospects for dis- 
covering and making precision measurements of 
the MSSM Higgs sector at the upgraded Teva- 
tron, LHC and the next e+e" linear collider (LC). 
The upgraded Tevatron begins running in 2001 
at y/s = 2 TeV, with an initial goal of reaching 
2 fb~^ of integrated luminosity per year. It has 
been suggested that an ambitious program could 
achieve a total integrated luminosity of 15 fb~^ 
by the end of 2007. LHC expect to begin taking 
data in 2006 at y/s — 14 TeV, with an initial goal 
of 10 fb~^ per year. Eventually, the integrated lu- 
minosity is expected to reach 100 fb~^ per year. 
Finally, the next generation e~^e~ LC is now cur- 
rently under development. Initially, one expects 
the LC to operate at ^/s = 500 GeV, with an in- 
tegrated luminosity of 50 fb~^ per year, although 
there have been suggestions that the luminosity 
could be improved by nearly an order of magni- 
tude. 

The discovery reach of the Standard Model 
Higgs boson was analyzed by the Tevatron Higgs 
Working Group in ref . |Q . The relevant produc- 
tion mechanism is qiqj VhgM, where V = W ot 
Z. In all cases, it was assumed that /igM would be 
observed via /igM ~* bb. The most relevant final 
state signatures corresponded to events in which 
the vector boson decayed leptonically {W ii', 
Z — > £^£~ and Z vv, where i = e or /i), 
resulting in tvhb, vvbb and £~^£~'bb final states. 
This analysis can be reinterpreted in terms of the 
search for the CP-even Higgs boson of the MSSM. 
In the MSSM at large tan /3, the enhancement of 
the A^bb coupling (and a similar enhancement of 
either the h^bb or H^bb coupling), provides a new 
search channel: gg, gg — *■ &&0 (where (/> is a neu- 
tral Higgs boson with enhanced couplings to bb). 
Combining both sets of analyses, the Tevatron 
Higgs Working Group obtained the anticipated 
5cT Higgs discovery contours for the maximal mix- 



ing scenario as a function of total integrated lu- 
minosity per detector (combining both CDF and 
D0 data sets) shown in fig. |2| 



5a Discovery, Maximal Mixing Scenario 
Q I5fb"' H 20 fb"' H 30 fb"' 
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Figure 2. The anticipated Tevatron Scr discovery 
region on the m^o — tan/3 plane, for the maximal 
mixing scenario and two different search channels: 
qq V(j) [(j) — hP , H°], (j) ^ bb (shaded regions) 
and gg, qq -> bbcj) [(t) ^ , , A"] , (f) bb (re- 
gion in the upper left-hand corner bounded by the 
solid lines; the different lines correspond to CDF 
and D0 simulations). Different integrated lumi- 
nosities are explicitly shown by the color coding 
(or shades of gray). The region below the solid 
black line near the bottom of the plot is excluded 
by the absence of observed e+e~ — > Zcf) events at 
LEP2. Taken from ref. [||. 



Fig. H shows that a total integrated luminos- 
ity of about 20 fb~^ per experiment is necessary 
in order to assure a significant, although not ex- 
haustive, coverage of the MSSM parameter space. 
If the anticipated 15 fb~^ integrated luminosity 
is achieved, the discovery reach will significantly 
extend beyond that of LEP. Nevertheless, the 
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MSSM Higgs boson could still evade capture at 
the Tevatron. We would then turn to the LHC to 
try to obtain a definitive Higgs boson discovery. 

Over nearly^ all the remaining region of the 
MSSM Higgs sector parameter space, at least one 
of the MSSM Higgs bosons will be detectable at 
the LHC, assuming that the machine runs at its 
design luminosity of 100 pb^^ per year, and under 
the assumption that the current detector design 
capabilities are achieved |Q . The LC would pro- 
vide complete coverage of the MSSM Higgs sector 
parameter space (by extending the LEP-2 Higgs 
search) once the center-of-mass energy of the ma- 
chine is above 300 GeV 

However, complete coverage of the MSSM pa- 
rameter space only means that at least one Higgs 
boson of the MSSM can be detected. For exam- 
ple, in the decoupling limit (where m^o > 2mz), 
h'^ will surely be discovered at either the Tevatron 
or the LHC (and can be easily observed at the 
LC). But, detection of the heavier non-minimal 
Higgs states A^^ and/or is not guaran- 
teed. At the LHC, there is a region in the 
m^o — tan/3 parameter space characterized (very 
roughly) by 3 < tan /3 < 10 and m^o > 300 GeV 
such that only the hP will be detectable.^ The 
LHC can make Higgs measurements (branching 
ratios and couplings) with some precision [Q, 
and thus one can begin to check, if no other 
MSSM Higgs bosons are detected, whether the 
properties of /i" deviate from those expected of 
the Standard Model Higgs boson (/ism)- 



°At the present writing, not all possible MSSM parameter 
regimes have been studied with full detector simulations. 
Ref. |43| has pointed out that for certain special choices 
of MSSM Higgs sector parameters, it may be very difficult 
to achieve a Sit discovery of any Higgs boson at the LHC. 
Moreover, it is important to note that in other regions of 
the Higgs sector parameter space, the LHC search strate- 
gies depend on the observation of small signals (above sig- 
nificant Standard Model backgrounds) in more than one 
channel. The present estimates of the statistical signifi- 
cance of the Higgs signal rely on theoretical determinations 
of both signal and background rates as well as simulations 
of detector performance. 

'^At large tan/3, the couplings of charged leptons to 
(and in the decoupling limit) are enhanced by a factor 
of tan f). Thus, gluon-gluon fusion to or followed 
by Higgs decay to t+t" and n'^ tJ,~ should be observable 
at the LHC if tan /3 is large enough (the value of the latter 
depends on m^o). 



At the LC, H°A° and H+H~ pair production 
are not kinematically allowed if to^o > \/s/2. 
Moreover, the production rate for h'^A'^ (although 
it may be kinematically allowed) is suppressed 
in the decoupling limit. Thus, the non-minimal 
Higgs states are not directly detectable at the LC 
for m^o > •\/s/2. In the latter case, only the h° 
can be observed with properties that are nearly 
identical to that of /ism- More specifically, rela- 
tive to the hsM couplings to fermion pairs. 



9hOff 

9hsMff 



l + O 



1^0 



(14) 



Thus, precision measurements of the h'^ branch- 
ing ratios could reveal small discrepancies that 
would provide an indication of the value of m^o 
even if the heavy MSSM Higgs boson cannot be 
kinematically produced at the LC. 

Battaglia and Desch showed that for an 
LC with y/s — 350 GeV and an ambitious inte- 
grated luminosity of 500 fb~^, one could mea- 
sure BR(/i'^ — !■ bb) to within an accuracy of 
about ±2.5%. To evaluate the significance of 
such a measurement, the percentage deviation of 
BR{h'^ bb) in the MSSM relative to that of 
hsM was computed in ref. |^^. The result of the 
computation is a set of contours in the m^o — 
tan P plane, each one corresponding to a fixed 
percentage deviation of the BR. The results are 
sensitive to radiative corrections (which depend 
on the MSSM spectrum). One would expect the 
deviation to vanish at large values of m^o cor- 
responding to the decoupling limit. However, at 
large tan/3, the approach to decoupling can be 
slowed due to tan /3-enhanced radiative correc- 
tions. For example, for Msusy = 1 TeV and max- 
imal stop mixing, ref. finds that the contour 
corresponding to a 3% deviation in the BR starts 
at m^o ~ 600 GeV for tan/3 = 3 and slowly in- 
creases in m^o until it reaches to^o ~ 1 TeV for 
tan/3 = 50. This means that a precision mea- 
surement of BR(/i'^ — > bb) can provide evidence 
for the non-minimal Higgs sector, with some sen- 
sitvity to large values of the heavy Higgs masses 
even if they lie above the center-of-mass energy 
of the LC. 
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5. THE LSP AND NLSP 

The phenomenology of low-energy supersym- 
metry depends crucially on the properties of the 
lightest supersymmetric particle (LSP). In R- 
parity conserving low-energy supersymmetry, all 
Standard Model particles are R-even while their 
superpartners are R-odd. Thus, starting from an 
initial state involving ordinary (R-even) particles, 
it follows that supersymmetric particles must be 
produced in pairs. In general, these particles 
are highly unstable and decay quickly into lighter 
states. However, R-parity invariance also implies 
that the LSP is absolutely stable, and must even- 
tually be produced at the end of a decay chain 
initiated by the decay of a heavy unstable super- 
symmetric particle. 

In order to be consistent with cosmological con- 
straints, a stable LSP is almost certainly elec- 
trically and color neutral Consequently, 
the LSP is weakly-interacting in ordinary matter, 
i.e. it behaves like a stable heavy neutrino and 
will escape detectors without being directly ob- 
served. Thus, the canonical signature for conven- 
tional R-parity-conserving supersymmetric theo- 
ries is missing (transverse) energy, due to the es- 
cape of the LSP. 

In mSUGRA models, the LSP is typically the 
lightest neutralino, Xii ^^^d it tends to be dom- 
inated by its B component (an LSP with sig- 
nificant higgsino components is possible only if 
tan f3 is large) . However, there are some regions of 
mSUGRA parameter space where other possibil- 
ities for the LSP are realized. For example, there 
are regions of mSUGRA parameter space where 
the LSP is a chargino. These regions must be ex- 
cluded since we reject the possibility of charged 
relic particles surviving the early universe [50| . 
In addition, one may impose cosmological con- 
straints (such that the relic LSP's do not "over- 
close" the universe by contributing a mass den- 
sity that is larger than the critical density of the 
universe [^) to rule out additional regions of 
mSUGRA parameter space. The condition that 
the relic density of LSP's constitutes a significant 
part of the dark matter imposes even further re- 
strictions on the mSUGRA parameter space j52| . 

In more general SUGRA models, the nature of 



the LSP need not be so constrained. One can 
envision a Xi-LSP which has an arbitrary mix- 
ture of gaugino and higgsino components by re- 
laxing gaugino mass unification. A nearly pure 
higgsino LSP is possible in the region where the 
(low-energy) gaugino Majorana mass parameters 



satisfy Mi ~ M2 ^ fJ. 1 53 1 . The sneutrino (in par- 



ticular, the Vr) can be a viable LSP, although it 
is unlikely to be a major component of the dark 
matter unless the supersymmetric model in- 
corporates some lepton number violation [ p5[ |. In 
AMSB models, eq. (ju]) yields Mi ~ 2.8M2 and 
Ms ~ — 8.3M2, which implies that the lightest 
chargino pair and neutralino make up a nearly 
mass-degenerate triplet of winos; the correspond- 
ing LSP is approximately a pure W^. 

In most GMSB models, the mass of the grav- 
itino lies in the eV — keV regime. Thus, in this 
scenario the gravitino will be the LSP and the 
next-to-lightest supersymmetric particle (NLSP) 
also plays a crucial role in the phenomenology 
of supersymmetric particle production and de- 
cay. Note that unlike the LSP, the NLSP can be 
charged. In GMSB models, the most likely candi- 
dates for the NLSP are Xi and r| . The NLSP will 
decay into its Standard Model superpartner plus 
a gravitino [either Xi ^93/2 = 7, Z, or ft,") 
or —^ T^^3/2], with a lifetime that is quite sen- 
sitive to the model parameters. In a small range 
of parameter space, it is possible that several of 
the next-to-lightest supersymmetric particles are 
sufficiently degenerate in mass such that each one 
behaves as the NLSPj^ In this case, these parti- 
cles are called co-NLSP's |56). Different choices 
for the identity of the NLSP and its decay rate 
lead to a variety of distinctive supersymmetric 
phenomenologies 1 57 5^ . 

Since a light gravitino is stable in R-parity con- 
serving GMSB models, it is also a candidate for 
dark matter j5^. Although very light gravitinos 
(eV masses) will not contribute significantly to 
the total mass density of the universe, the re- 
quirement that their relic density not overdose 



*For example, if and are nearly degenerate in mass, 



then neither r 



R 



r±x? nor x? 



T^rT are kinemat- 



ically allowed decays. In this case, and x? are co- 
NLSP's, and each decays dominantly into its Standard 
Model suporpartner plus a gravitino. 
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the universe implies that 7713/2 ^ few keV in the 
usual early universe scenarios. Alternative sce- 
narios do exist in which the gravitino of GMSB 
models can be somewhat heavier. In SUGRA- 
based models, the gravitino is typically not the 
LSP and thus is unstable, although its lifetime is 
quite long and is relevant only in considerations 
of early universe cosmology. The pertinent issues 
are nicely summarized in ref. . 

More generally, in any R-parity-conserving su- 
persymmetric model it is important to check that 
the relic density of LSP's does not overdose the 
universe. This can lead to useful constraints on 
the parameters of the model. Even if the LSP is a 
viable dark matter candidate, one should not nec- 
essarily constrain the parameters of the MSSM 
by requiring the LSP to be a major component 
of the dark matter. It may turn out that the 
main component of the dark matter has another 
source. Some examples are: the QCD axion, its 
supersymmetric partner (the axino or the 

lightest stable particle in the GMSB messenger 
sector [|6l|] . 

6. CLASSES OF SUPERSYMMETRIC 
SIGNALS AT FUTURE COLLIDERS 

The lack of knowledge of the origin and struc- 
ture of the SUSY-breaking parameters implies 
that the predictions for low-energy supersymme- 
try and the consequent phenomenology depend 
on a plethora of unknown parameters. Many 
details of supersymmetric phenomenology are 
strongly dependent on the underlying assump- 
tions of the model. Nevertheless, one can broadly 
classify supersymmetric signals at future colliders 
by considering the various theoretical approaches 
described in Section 3. 

6.1. Missing energy signatures 

In R-parity conserving low-energy supersym- 
metry, supersymmetric particles are produced in 
pairs. The subsequent decay of a heavy super- 
symmetric particle generally proceeds via a multi- 
step decay chain ]6^-^6^ , ending in the production 
of at least one supersymmetric particle that (in 
conventional models) is weakly interacting and 
escapes the collider detector. Thus, supersym- 



metric particle production yields events that con- 
tain at least two escaping non-interacting parti- 
cles, leading to a missing energy signature. At 
hadron colliders, it is only possible to detect miss- 
ing transverse energy (iS™'""), since the center-of- 
mass energy of the hard collision is not known on 
an event-by-event basis. 

In conventional SUGRA-based models, the 
weakly-interacting LSP's that escape the collider 
detector (which yields large missing transverse 
energy) are accompanied by energetic jets and/or 
leptons. This is the "smoking-gun" signature 
of low-energy supersymmetry. In contrast, in 
AMSB models, the Xi is the LSP but the light- 
est neutralino and chargino are nearly degenerate 
in mass. If the mass difference is < 100 MeV, 
then xt is long-lived and decays outside the de- 
tector p5| , |66t . In this case, some supersymmet- 
ric events would yield no missing energy and two 
semi-stable charged particles that pass through 
the detector. 

In conventional GMSB models with a 
gravitino-LSP, all supersymmetric events contain 
at least two NLSP's, and the resulting signature 
depends on the NLSP properties. Four physically 
distinct possible scenarios emerge: 

• The NLSP is electrically and color neutral 
and long-lived, and decays outside of the 
detector to its associated Standard Model 
partner and the gravitino. 

• The NLSP is the sncutrino and decays in- 
visibly into 1^33/2 either inside or outside the 
detector. 

In either of these two cases, the resulting missing- 
energy signal is then similar to that of the 
SUGRA-based models where Xi or T' is the LSP. 

• The NLSP is the Xi ^^^d decays inside the 
detector to A^g3/2, where iV = 7, Z or a 
neutral Higgs boson. 

In this case, the gravitino-LSP behaves like the 
neutrahno or sneutrino LSP of the SUGRA-based 
models. However, the missing energy events of 
the GMSB-based model are characterized by the 
associated production of (at least) two A^'s, one 
for each NLSP. Note that if Xi is lighter than 
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the Z and ft." then BR(x? -> 753/2) = 100%, 
and aU supersymmetric production will result in 
missing energy events with at least two associated 
photons. 

• The NLSP is a charged slepton (typically 
TP in GMSB models if m~ < m~„ ) , which 
decays to the corresponding lepton partner 
and gravitino. 

If the decay is prompt, then one finds missing en- 
ergy events with associated leptons. If the decay 
is not prompt, one observes a long-lived heavy 
semi-stable charged particle with no associated 
missing energy (prior to the decay of the NLSP). 

There are also GMSB scenarios in which there 
are several nearly degenerate so-called co-NLSP's, 
any one of which can be produced at the penul- 
timate step of the supersymmetric decay chain. 
The resulting supersymmetric signals would con- 
sist of events with two (or more) co-NLSP's, each 
one of which would decay according to one of the 
four scenarios delineated above. For additional 
details on the phenomenology of the co-NLSP's, 
see ref. [Q. 

In R-parity violating SUGRA-based models the 
LSP is unstable. If the RPV-couplings are suffi- 
ciently weak, then the LSP will decay outside the 
detector, and the standard missing energy signal 
applies. If the LSP decays inside the detector, 
the phenomenology of RPV models depends on 
the identity of the LSP and the branching ra- 
tio of possible final state decay products. If the 
latter includes a neutrino, then the correspond- 
ing RPV supersymmetric events would result in 
missing energy (through neutrino emission) in as- 
sociation with hadron jets and/or leptons. How- 
ever, other decay chains are possible depending 
on the relative strengths of A^, and A^ [see 
eq. (^)]. Other possibilities include decays into 
charged leptons in association with jets (with no 
neutrinos), and decays into purely hadronic final 
states. Clearly, these latter events would con- 
tain little missing energy. If R-parity violation is 
present in GMSB models, the RPV decays of the 
NLSP can easily dominate over the NLSP decay 
to the gravitino. In this case, the phenomenol- 
ogy of the NLSP resembles that of the LSP of 
SUGRA-based RPV models 



6.2. Lepton (e, /i and r) signatures 

Once supersymmetric particles are produced at 
colliders, they do not necessarily decay to the LSP 
(or NLSP) in one step. The resulting decay chains 
can be complex, with a number of steps from the 
initial decay to the final state |6^. Along the 
way, decays can produce real or virtual W's, Z's, 
charginos, neutralinos and sleptons, which then 
can produce leptons in their subsequent decays. 
Thus, many models yield large numbers of super- 
symmetric events characterized by one or more 
leptons in association with missing energy, with 
or without hadronic jets. 

One signature of particular note is events con- 
taining like-sign di-leptons The origin of 
such events is associated with the Majorana na- 
ture of the gaugino. For example, gg production, 
followed by gluino decay via 

g qqxi qq^^^^i (15) 

can result in like-sign leptons since the g decay 
leads with equal probability to either or 
If the masses and mass differences are both sub- 
stantial (which is typical in mSUGRA models, for 
example), like-sign di-lepton events will be char- 
acterized by fairly energetic jets and isolated lep- 
tons and by large E'^^^^ from the LSP's. Other 
like-sign di-lepton signatures can arise in a sim- 
ilar way from the decay chains initiated by the 
heavier neutralinos. 

Distinctive tri-lepton signals |69| can result 
from xfx2 ^ (^^'^Xi)(^'''-^~Xi)- Such events 
have little hadronic activity (apart from initial 
state radiation of jets off the annihilating quarks 
at hadron colliders). These events can have a va- 
riety of interesting characteristics depending on 
the fate of the final state neutralinos. 

If the soft-SUSY-breaking slepton masses are 
flavor universal at the high energy scale Mx (as 
in mSUGRA models) and tan/3 ^ 1, then the tr 
will be significantly lighter than the other slep- 
ton states. As a result, supersymmetric decay 
chains involving (s)leptons will favor ttj produc- 
tion, leading to a predominance of events with 
multiple T-leptons in the final state. 

In GMSB models with a charged slepton NLSP, 
the decay ^ ^33/2 (if prompt) yields at least 
two leptons for every supersymmetric event in as- 
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sociation with missing energy. In particular, in 
models with a tr NLSP, supersymmetric events 
will characteristically contain at least two r's. 

In RPV models, decays of the LSP (in SUGRA 
models) or NLSP (in GMSB models) mediated 
by RPV-interactions proportional to Al and 
will also yield supersymmetric events containing 
charged leptons. However, if the only signifi- 
cant RPV-interaction is the one proportional to 
A^, then such events would contain little miss- 
ing energy (in contrast to the GMSB signature 
described above). 

6.3. 6-quark signatures 

The phenomenology of gluinos and squarks de- 
pends critically on their relative masses. If the 
giuino is heavier, it will decay dominantly into 
99:0 while the squark can decay into quark plus 
chargino or neutralino. If the squark is heavier, 
it will decay dominantly into a quark plus giuino, 
while the giuino will decay into the three-body 
modes qqx (where x can be either a neutralino 
or chargino, depending on the charge of the final 
state quarks). A number of special cases can arise 
when the possible mass splitting among squarks 
of different flavors is taken into account. For ex- 
ample, models of supersymmetric mass spectra 
have been considered where the third generation 
squarks are lighter than the squarks of the first 
two generations. If the giuino is lighter than the 
latter but heavier than the former, then the only 
open giuino two-body decay mode could be bb. 
In such a case, all Ijg events will result in at least 
four 6-quarks in the final state (in associated with 
the usual missing energy signal, if appropriate). 
More generally, due to the flavor independence of 
the strong interactions, one expects three-body 
giuino decays into fe-quarks in at least 20% of all 
giuino decays.^ Additional fe-quarks can arise 
from both top-quark and top-squark decays, and 
from neutral Higgs bosons produced somewhere 
in the chain decays |7Q]. Finally, at large tan/3. 



®In the following, the notation qq means either qq or Ijq. 
^"^Here we assume the approximate degeneracy of the first 
two generations of squarks, as suggested from the absence 
of FCNC decays. In many models, the b-squarks tend to 
be of similar mass or lighter than the squarks of the first 
two generations. 



the enhanced Yukawa coupling to 6-quarks can 
increase the rate of 6-quark production in neu- 
tralino and chargino decays occurring at some 
step in the giuino chain decay. These observa- 
tions suggest that many supersymmetric events 
at hadron colliders will be characterized by 6-jets 
in association with missing energy |]6^ , [7l| . 

6.4. Signatures involving photons 

In mSUGRA models, most supersymmetric 
events do not contain isolated energetic photons. 
However, some areas of low-energy supersymmet- 
ric parameter space do exist in which final state 
photons can arise in the decay chains of super- 
symmetric particles. If one relaxes the condition 
of gaugino mass unification [eq. (^], interesting 
alternative supersymmetric phenomenologies can 
arise. For example, if Mi ~ M2, then the branch- 
ing ratio for X2 ~^ Xi7 can be significant |Q. 
In the model of ref. [M, the Xi-LSP is domi- 
nantly higgsino, while X2 dominantly gaugino. 
Thus, many supersymmetric decay chains end in 
the production of X21 which then decays to Xi7- 
In this picture, the pair production of supersym- 
metric particles often yields two photons plus as- 
sociated missing energy. 

In GMSB models with a x?-NLSP, aU super- 
symmetric decay chains would end up with the 
production of Assuming that Xi decays inside 
the collider detector, one possible decay mode is 
Xi ~* 753/2- In many models, the branching ratio 
for this radiative decay is significant (and could 
be as high as 100% if other possible two-body 
decay modes are not kinematically allowed). In 
the latter case, supersymmetric pair production 
would also yield events with two photons in asso- 
ciated with large missing energy. The character- 
istics of these events differ in detail from those of 
the corresponding events expected in the model 
of ref. ||. 

6.5. Kinks and long-lived heavy particles 

In most SUGRA-based models, all super- 
symmetric particles in the decay chain decay 
promptly until the LSP is reached. The LSP 
is exactly stable and escapes the collider detec- 
tor. However, exceptions are possible. In partic- 
ular, if there is a supersymmetric particle that is 
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just barely heavier than the LSP, then its (three- 
body) decay rate to the LSP will be significantly 
suppressed and it could be long lived. For exam- 
ple, in AMSB models where m~± ~ m~o, the xf 
can be sufficiently long lived to yield a detectable 
vertex, or perhaps even exit the detector ||65| , |66|| . 

In GMSB models, the NLSP may be long-lived, 
depending on its mass and the scale of SUSY- 
breaking, VF. The couplings of the NLSP to 
the helicity ±i components of the gravitino are 
fixed by eq. (|). For Vf ~ 100— lO" TeV, this 
coupling is very weak, implying that all the super- 
symmetric particles other than the NLSP undergo 
chain decays down to the NLSP (the branch- 
ing ratio for the direct decay to the gravitino 
is negligible). The NLSP is unstable and even- 
tually decays to the gravitino. For example, in 
the case of the Xj'-NLSP (which is dominated by 
its B component), one can use eq. (^) to obtain 
r(Xi ^ 753/2) = m|oCos2 0H'/167r^^2_ ^^^^ 

follows that 

. X /lOOGeV\V VF Y 

(loowj 

For simplicity, assume that Xi ^ 753/2 is the 
dominant NLSP decay mode. If 10^ TeV, 

then the decay length for the NLSP is cr ~ 10 km 
for m~o = 100 GeV; while Vf - 100 TeV implies 
a short but vertexable decay length. A similar re- 
sult is obtained in the case of a charged NLSP. 
Thus, if Vf is sufficiently large, the charged 
NLSP will be semi-stable and may decay outside 
of the collider detector. 

Finally, if R-parity violation is present, the de- 
cay rate of the LSP in SUGRA-based models (or 
the NLSP in R-parity-violating GMSB models) 
could be in the relevant range to yield visible sec- 
ondary vertices. 

6.6. Exotic supersymmetric signatures 

If R-parity is not conserved, supersymmetric 
phenomenology exhibits many features that are 
quite distinct from those of the MSSM Both 
AL = 1 and AF = 2 phenomena are allowed (if 
L is violated), leading to neutrino masses and 
mixing neutrinoless double beta decay |74), 
and sneutrino-antisneutrino mixing [[75|. Further, 



since the distinction between the Higgs and mat- 
ter multiplets is lost, R-parity violation permits 
the mixing of sleptons and Higgs bosons, the mix- 
ing of neutrinos and neutralinos, and the mixing 
of charged leptons and charginos, leading to more 
complicated mass matrices and mass eigenstates 
than in the MSSM. 

Some of the consequences for collider signatures 
have already been mentioned. Most important, 
the LSP in RPV SUGRA models is no longer 
stable, which implies that not all supersymmetric 
decay chains must yield missing-energy events at 
colliders. In particular, if Xi is the LSP, then its 
RPV decays contain visible particles: 

Xi^Ujj), {U^'^^), (17) 

where j stands for a hadronic jet (in this case aris- 
ing from single quarks or anti-quarks), and the 
relevant RPV-coupling [in the notation of eq. (^)] 
is indicated below the corresponding channel. 
Thus, even e^e^ XiXi P^^ir production and 
sneutrino decay via v vxi become visible 
(since the Xi ^ow decays into visible channels). 
Likewise, a sneutrino LSP would also yield visible 
decay modes. For example, v — mixing could 
lead to a substantial 1/ bb decay branching ra- 
tio. The relative strength of ? qq, £^£^ also 
depends on the strength of the L-violating RPV 
couplings. In addition, Xi ~^ (or its charge- 
conjugated state) would be visible once the sneu- 
trino decayed. 

A number of other phenomenological conse- 
quences are noteworthy. For Al 7^ sneutrino 
resonance production in e+e^ [f76| collisions be- 
comes possible. For X'tj^ 0, squarks can be re- 
garded as leptoquarks since the following pro- 
cesses are allowed: e'^u„i c?n ~^ ^^Um, vdm 
and e^dm Un e'^dm (where m and n are 
generation labels) . The same term responsible for 
the processes displayed above could also generate 
purely hadronic decays for sleptons and sneutri- 
nos: e.g., 1^ Umdn and Vp q^ln (q = u 
or d). If such decays were dominant, then the 
pair production of sleptons in e"'"e~ events would 
lead to hadronic four-jet events with jet pairs of 
equal mass [fTSf , a signature quite different from 
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the missing energy signals expected in the MSSM. 
Alternatively, 7^ could result in substantial 
branching fractions for £ ^ £v and v £~^£~ de- 
cays. Sneutrino pair production would then yield 
events containing four charged leptons with two 
lepton pairs of equal mass. 

7. CONCLUSIONS 

Low-energy supersymmetry remains the most 
elegant solution to the naturalness and hierar- 
chy problems, while providing a possible link to 
Planck scale physics and the unification of parti- 
cle physics and gravity. Nevertheless, the origin of 
the soft supersymmetry-breaking terms and the 
details of their structure remain a mystery. There 
are many theoretical ideas, but we still cannot be 
certain which region of the MSSM-124 parameter 
space (or some non-minimal extension thereof) 
is the one favored by nature. The key theoreti- 
cal breakthroughs will surely require experimen- 
tal guidance and input. 

Thus, we must rely on experiments at future 
colliders to uncover evidence for low-energy su- 
persymmetry. Canonical supersymmetric signa- 
tures at future colliders are well analyzed and 
understood. Much of the recent efforts have 
been directed at trying to develop strategies for 
precision measurements to establish the under- 
lying supersymmetric structure of the interac- 
tions and to distinguish among models. How- 
ever, we are far from understanding all possible 
facets of MSSM-124 parameter space (even re- 
stricted to those regions that are phenomenologi- 
cally viable). For example, the phenomenological 
implications of the potentially new CP-violating 
phases that can arise in the MSSM and its con- 
sequences for collider physics have only recently 
begun to attract attention. Moreover, the vari- 
ety of possible non-minimal models of low-energy 
supersymmetry presents additional challenges to 
experimenters who plan on searching for super- 
symmetry at future colliders. 

If supersymmetry is discovered, it will provide 
a plethora of experimental signals and theoret- 
ical analyses. The variety of phenomenological 
manifestations and parameters of supersymme- 
try suggest that many years of experimental and 



theoretical work will be required before it will 
be possible to determine the precise nature of 
supersymmetry-breaking and the implications for 
a more fundamental theory of particle interac- 
tions. 
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